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The transverse properties of an electron beam are characterized by two quantities, the emittance
which indicates the electron beam extent in the phase space and the angular momentum which allows
for non-planar electron trajectories. Whereas the emittance of electron beams produced in laser-
plasma accelerator has been measured in several experiments, their angular momentum has been
scarcely studied. It was demonstrated that electrons in laser-plasma accelerator carry some angular
momentum, but its origin was not established. Here we identify one source of angular momentum
growth and we present experimental results showing that the angular momentum content evolves
during the acceleration.
Since the first observation of quasi-monoenergetic elec-
tron beams in 2004 [1–3], the features of laser-plasma
accelerator in the bubble/blow-out regimes [4, 5] have
been extensively studied, and constantly improved. High
quality electron beams can now be accelerated up to the
giga-electronvolt level [6]. In the few hundred of mega-
electronvolt (MeV) range, electron beam with 1% energy
spread [7] and few kiloamperes peak current [8] can be
reliably produced. The electron source size is a fraction of
micrometer [9], the electron divergence is a few mrad, and
the normalized emittance is of the order of 1pi mm.mrad
or smaller [10–12]. Yet, in ten years of intensive inves-
tigations, one fundamental property of laser-plasma ac-
celerated electron beams, the beam angular momentum,
has been scarcely studied.
A couple of experiments showed that laser-plasma ac-
celerated beams can carry some angular momentum [13],
but little effort has been made to elucidate its origin. In-
jection models predict that electrons should be injected
in the accelerator with a zero angular momentum [14].
The fact that electrons can have a significant angular
momentum thus means that either it grows during the
acceleration, or injection models are incomplete. In this
letter, we show that a non-perfectly symmetric laser pulse
can create an asymmetric plasma cavity that, in turn, in-
duces an evolution of the electrons’ angular momentum
during the acceleration. This explanation for the origin
of the angular momentum is supported by experimental
results and simulations.
Laser pulses with aberrated wavefronts are known
to drive anisotropic plasma cavities [15–17]. This
anisotropy changes the electron trajectories in the
plasma, and hence modifies the properties of the accel-
erated electrons and the X-rays they emit. In our ex-
periment, the focal spot of the laser is observed to be
elliptical (mainly because of astigmatism), with a typi-
cal eccentricity ≈ 0.6, we can therefore consider that the
plasma cavity is also elliptical. Assuming that the ellipse
axes are along the x and y axes, the transverse forces in
such a cavity are
Fx = −αm(1 + /2)ω2px/2 (1)
Fy = −αm(1− /2)ω2py/2 (2)
with m the electron mass, ωp the plasma frequency, α ≤
1 a coefficient describing a possible deviation from the
nominal transverse force of a fully evacuated ion cavity
and  < 1 a coefficient which quantifies the asymmetry
of the transverse force.
For adiabatic acceleration, the equation of motion can
be integrated, leading to
x = x0(γi/γ)
1/4 sin[(1 + /2)1/2φ(t) + φx0] (3)
y = y0(γi/γ)
1/4 sin[(1− /2)1/2φ(t) + φy0] (4)
with γ the electron Lorentz factor, φ(t) =∫ t
0
[α/2γ(t′)]1/2ωpdt′, (x0, y0) the initial position,
(φx0, φy0) the initial phases, and γi the value of γ at
injection. For  6= 0, electrons in the cavity oscillate
with different frequencies along x and y. As a result,
their trajectories which are initially planar for electrons
with zero angular momentum (φx0 = φy0 = φ0)[18],
progressively become helicoidal, before reverting to
planar trajectories every time φ(t) = kpi/(1 − √1− )
with k an integer. In other words the angular momentum
Lz = xpy − ypx changes in time. For  << 1 it can be
written as
Lz
mωp
= x0y0
√
αγi
2
(
sin

2
φ− 
4
sin [2 (φ+ φ0)]
)
. (5)
The first term accounts for slow variations of Lz; it is re-
sponsible for the transition from planar to helicoidal tra-
jectories. The second term corresponds to high frequency
oscillations. It is of low amplitude and can be neglected
in a first approximation (see Fig. 1). Equation (5) also
shows that, for a given initial radius r0 = (x
2
0 + y
2
0)
1/2,
Lz is maximum when x0 = y0, that is when electrons are
initially in a plane at 45◦ to the ellipse axes, whereas Lz
remains 0 at all times for on-axis electrons. Note that the
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FIG. 1. Evolution of the angular momentum in an elliptical
cavity. (a) Trajectory of an electron. (b) Angular momentum
as a function of the longitudinal position z (the color is a
function of z). The parameters are  = 0.2, γi = 25, κ = 10
14
s−1, ne = 8× 1018 cm−3 and α = 0.5),
losses of energy and angular momentum by radiation are
negligible and were not considered in the derivation of
Eqs. (3-5). The angular momentum conservation is en-
sured by the fact that electrons and ions from the cavity
sheath acquire some angular momentum [19].
For a given (x0, y0), the angular momentum reaches
its peak value when φ(t) = pi/. Assuming for simplicity
γ = γi + κt (which is consistent with Fig. 2), we find
for  = 0.2 and typical laser-plasma parameters (γi = 25,
κ = 1014 s−1, ne = 8×1018 cm−3 and α = 0.5), that Lz is
maximum after an acceleration of ≈ 600 µm (this length
is reduced when  is increased). As effective acceleration
lengths in experiments are generally about or larger than
1 mm, the slow oscillations of Lz should be observable,
assuming that the acceleration length can be precisely
controlled. In our experiment, we achieved this control
through the colliding pulse injection scheme [20]. Infor-
mation on the angular momentum content of the beam is
then obtained from the analysis of betatron X-rays emit-
ted during the transverse oscillations of the accelerated
electrons [21, 22].
The experiment was performed at Laboratoire
d’Optique Applique´e with the ‘Salle Jaune’ Ti:Sa laser
system. Two synchronized 35 fs FWHM laser pulses were
used: the pump pulse that drives the accelerating plasma
wave contained 900 mJ and the injection pulse that trig-
gers the injection into the main pump pulse wakefield
contained 100 mJ . The two pulses had the same linear
polarization. They were focused onto a 3 mm super-
sonic helium gas jet where they collided at a 135 degrees
angle. The pump pulse (respectively the injection pulse)
had a mean FWHM focal spot size of 18 µm (respectively
22 µm) and a normalized vector potential amplitude of
a0 = 1.3 (respectively a0 = 0.4). Electron spectra and
x-ray angular profiles were measured simultaneously in
a single shot. The electron spectrometer consisted of a
permanent bending magnet (1.1 T over 10 cm) combined
with a phosphor screen imaged on a 16 bits CCD camera.
X-ray profiles were obtained from an x-ray CCD placed
on axis at 90 cm from the gas jet, behind a 25 µm Be
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FIG. 2. Electron beam energy as a function of the collision
position. The position zcol = 1.5 mm corresponds to a colli-
sion occurring at the center of the gas jet. The line is a linear
fit and the error bar corresponds to the standard error.
filter. In this experiment, the electron plasma density
was ne = 8× 1018 cm−3, which corresponds, for our ex-
perimental parameters, to an interaction regime where
electrons are not self-injected in the wakefield. Conse-
quently, electrons and x-rays were observed only when
both laser pulses overlapped in time and space.
Experimental results in Fig. 2 demonstrate that the
electron energy E can be tuned from ≈ 90 MeV to ≈ 250
MeV, by adjusting the collision position and hence the
acceleration length. The linear fit shows that γ can be
reasonably approximated by a linear function, leading to
E ≈ −160zcol[mm] + const. and κ ≈ 1014s−1. To study
the evolution of the angular momentum content of the
beam, we now focus on X-ray measurements. Figure 3a-
c shows single-shot X-ray angular profiles corresponding
to electron energies of 120 MeV (a), 160 MeV (b) and
260 MeV (c). The X-ray divergence decreases when E
increases, due to a reduction of the electron beam diver-
gence in the acceleration (θelectrons ∝ γ−3/4). More in-
terestingly, we also observe that the X-ray profiles evolve
from somewhat rectangular and flat shapes to elliptical
shapes.
To quantify this evolution, we define 3 variables, the
ellipticity e, the flatness f and the curvature c. The
ellipticity of the X-ray profile is calculated from an ellipse
fit of the 50% contour line. It is defined as the ratio of
the major to the minor radii. The flatness f is given by
the ratio of R0.8 to R0.5, with R0.8 and R0.5 the mean
radii at 80% and 50% of the peak intensity (f = 1 for
a top-hat beam and f = 0.57 for a Gaussian beam).
Lastly, c = R0.6/R
C
0.6 with R0.6 the mean radius at 60%
and RC60% the mean curvature radius of the 60% contour
line (computed using the algorithm described in [23]). It
follows that c = 1 for a perfect circle, while c = 0 for
a square. Figure 4 shows that c and e increase with E,
while f decreases when E increases. This confirms the
trend observed in Fig. 3a-c.
This behavior can be explained by an evolving
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FIG. 3. X-ray angular profiles for different acceleration lengths, from the experiment (a,b,c) or from a test-particle simulation
(d,e,f) and typical trajectories of 8 electrons (g,h,i). The electron energy is 120 MeV in (a,d,g), 160 MeV in (b,e,h) and 260
MeV in (c,f,i). A 0.9 mrad mean filter was applied on the experimental images. Contour lines at 50%, 80% and 95% of the
peak intensity are superimposed on the angular profiles. Only the last betatron period is plotted in (g-i). In the simulation,
 = 0.2, α = 0.55, and all electrons have a zero initial angular momentum. The beam is initially matched with a phase φ0
uniformly distributed between 0 and 2pi. It has a flat elliptical transverse distribution oriented at 36◦ to the x-axis, with an
aspect ratio of 0.5.
angular momentum. In the wiggler approximation
(kpr0(γ/2)
1/2  1 with kp = ωp/c ), electrons with
Lz = 0 radiate an elliptical X-ray beam of divergences
θ‖ = kpr0/
√
2γ along the oscillation direction, and θ⊥ =
1/γ in the direction orthogonal to the oscillations [22].
The measured X-ray profile is an incoherent sum of the
contributions of all electrons. For an isotropic electron
distribution with Lz = 0, the sum results in a circular
profile consisting of a central peak with a divergence of θ⊥
surrounded by a halo with a divergence of θ‖. Anisotropic
electron distributions with a preferential oscillation direc-
tion lead to elliptical profiles with a central peak. These
features are consistent with X-ray beams obtained for the
longer acceleration length (E = 250 MeV). In contrast,
electrons with a maximal Lz have circular orbits and emit
annular X-ray beams of angular radius kpr0/
√
2γ and
thickness 1/γ [13] . Summing over electrons of different
r0 results in a flatter beam than for Lz = 0 with no cen-
tral peak. For electrons satisfying Eq. (5) with φ = pi
and an initial amplitude r0, the orbits are planar with an
oscillation amplitude r0 for electrons initially located on
the x and y axes , and circular with a radius r0/
√
2 for
electrons such as x0 = y0. More precisely, all trajectories
are contained in a square of side length
√
2r0 with diago-
nals along the axes, as shown in Fig. 3g. As a result, the
X-ray beam obtained by summing over the contribution
of electrons of different initial positions and velocities has
a square shape and a relatively flat profile, similar to X-
ray beams measured for the shorter acceleration length
(E = 120 MeV). This simple analysis thus suggests that
the angular momentum, in our experiment, is maximum
for E ≈ 120 MeV and that it decreases as the electron
energy increases further.
Assuming that angular momentum variations are due
to the cavity ellipticity and that the electron initial trans-
verse distribution does not depend on the injection po-
sition, the results indicate that the phase difference be-
tween the oscillations along the x and y axis reaches pi/2
for E ≈ 120MeV , that is for an acceleration length of 600
µm. According to Eq. (5), this implies that the cavity
ellipticity is  ≈ 0.15α−1/2. As electrons are further ac-
celerated, the difference of phase keeps increasing, which
explains why the angular momentum tends to decrease
in the experiment.
4The X-ray beam ellipticity at high energy indicates
that the electron distribution is anisotropic [24]. If elec-
trons were mostly distributed along the x or y axis, they
would never develop a significant angular momentum and
only elliptical beams would be obtained. In contrast, the
fact that X-ray profiles with a square shape are measured
indicates that electrons are preferentially injected with
amplitudes x0 = y0, because only electrons with a maxi-
mum Lz can lead to non-elliptical emissions. This implies
that the ellipse axes at high electron energy should make
a 45◦ angle with the diagonals of the square profiles ob-
served at low energy (the diagonals should be along the x
and y axis). Accordingly, we experimentally measured,
for E ≈ 120 MeV, a mean angle Ψs = 45(+90) ± 1◦ be-
tween the square diagonals and the horizontal axis, and,
for E ≈ 250 MeV a mean angle Ψe = 1(+90) ± 9◦ be-
tween the ellipse axes and the horizontal axis (this in-
dicates that in the experiment the cavity axes are at
±45◦ from the horizontal axis) . The angle Ψs was ob-
served to be very stable shot-to-shot, while Ψe drifted
from −13(+90)◦ up to 28(+90)◦. The ellipse axes were
also observed to swap in time. The reason is that Ψs
is determined by the orientation of the elliptical cavity,
which should not change significantly shot-to-shot, while
Ψe depends on the distribution in the transverse phase
space of injected electrons, which is more sensitive to
laser fluctuations. Small changes in the injected distribu-
tion can, for instance, originate from ionization induced
refraction of the injection pulse [25, 26], and from the
stochastic nature of the heating process [27].
To confirm this analysis, we performed test-particle
simulations, using the experimental energy spread, the
longitudinal acceleration force measured in Fig. 2 , the
transverse force from Eqs. (1,2) and the source size cal-
culated from the X-ray spectrum [9]. We scanned a large
range of  and of initial electron distributions, and we
found that an agreement with experiment data is ob-
tained only for  ≈ 0.2 and α ≈ 0.55, a matched electron
beam and an elliptical initial transverse distribution, ori-
ented close to the x = y line. Typical electron trajec-
tories obtained in this case are plotted in Fig 3g-i; as
expected, they evolve from helicoidal to planar trajecto-
ries as the electron energy increases. Figures 3d-f and 4
show that the X-ray angular profiles, calculated using the
general formula for the radiation emitted by relativistic
electrons [28], reproduce accurately the experimental di-
vergence as well as the behavior of f , c and e, except for
the divergence at high electron energy. This discrepancy
could be due to the interaction of the electron beam with
the laser pulse at the end of the acceleration. Another
limitation of the model is the assumption of a steady
and perfectly elliptical cavity. In particular, because of
different self-focusing dynamics in the two transverse di-
rections, the ellipticity can vary in time. This can modify
the extrema of Lz, as well as the electron energy at which
these extrema are obtained
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FIG. 4. Variation of the flatness, the curvature and the el-
lipticity with the electron energy. The dots corresponds to
experimental data and the triangles to simulations. Each ex-
perimental point represents an average over more than 8 shots
obtained for the same acceleration length. Error bars indicate
the standard error of the mean. For E = 120 MeV the ellip-
ticity cannot be computed accurately because X-ray profiles
are cut (see e.g. Fig. 3a). The simulation parameters are the
same as in Fig. 3.
Apart from the difference of divergence, the good over-
all agreement between the experiment and test-particle
simulations indicates that our simple model includes
most of the relevant physics. Simulations can there-
fore be used to estimate the transverse emittance. This
leads in our case to a normalized emittance of about 1pi
mm.mrad. Since the simulation fits both the measured
X-ray spectra and the angular profiles, they provide both
α and the emittance. Estimating these two quantities is
essential in betatron based emittance measurements be-
cause the inferred emittance varies as α3/2. Assuming
that the cavity is fully evacuated (α = 1), as done for
5instance in [11], may thus lead to an underestimate of
the emittance.
In conclusion, we demonstrated that the angular mo-
mentum content of an electron beam, accelerated in an
anisotropic cavity, is time varying, and we provided ex-
perimental evidence of such variations. These results
have important consequences for several emittance mea-
surement techniques. Neglecting the angular momen-
tum can in particular result in unreliable estimates of
the emittance in X-ray based measurements, because the
spatial properties of the X-rays strongly depend on the
angular momentum content. In addition, the angular
momentum growth is a source of fluctuations, which can,
for instance, induce large shot-to-shot changes in beta-
tron profiles. To avoid such effects, the laser pulse should
be free of aberration in order to produce an axisymmetric
cavity. Conversely, it could be beneficial to take advan-
tage of an asymmetric cavity to manipulate the shape
of the X-ray beams and produce a radiation with a net
angular momentum. This would require a precise control
of the transverse distribution of injected electrons.
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